The phototoxic effect inflicted on target (e.g. tumour) tissue by photodynamic therapy (PDT) depends on three main parameters: photosensitiser concentration, oxygen level and light dose absorbed by the photosensitiser (Pass, 1993) . The direct killing of tumour cells by the phototoxic effect of PDT requires adequate photosensitiser concentration in these target cells. However. even those photosensitisers characterised as good tumour localisers are retained to a large extent in the acellular tumour structures (Peng et al.. 1990 ). Hence. the determination of photosensitiser concentration per gram of tumour tissue is not sufficient to predict the potential for direct tumour cell killing. In addition to the affinity of a photosensitiser for acellular tumour structures, the abundance of these structures and their composition in the tumour is an important determinant. The importance of cellular tissue composition can be illustrated by the example of the spleen, which is known to contain considerably higher tissue levels of Photofrin and many other photosensitisers than a solid tumour (Bellnier et al., 1989 ). Yet, we have found that Photofrin levels per individual spleen cell of a C3H mouse are several times lower than the average level of this photosensitiser in cells of a tumour growing in the same animal (M. Korbelik & G. Krosl, manuscript in preparation) . This can be explained by the fact that the spleen contains many more cells per gram of tissue than the tumour.
Using enzymatic digestion, tumours and other tissues can be disaggregated into single-cell suspensions. and this allows the determination of photosensitiser levels per cell. However, the information on the average photosensitiser cellular level will probably still be inadequate to predict the direct killing of tumour cells by PDT. This becomes evident upon the examination of tumour cell suspensions, which reveals considerable heterogeneity in the cellular photosensitiser content (Korbelik, 1993) . One of the main factors identified to be responsible for this heterogeneity is the presence of host immune cell populations infiltrating the tumour. Macrophages are the most prominent population of host cell infiltrate in many tumours. These cells retain markedly higher levels of Photofrin and other photosensitisers than the parenchymal malignant cells (Korbelik et al., 1991: Korbelik. 1993: Korbelik & Krosl. 1993 ).
In our preliminary report (Korbelik & Krosl. 1993) . we identified another factor that may be responsible for the Correspondence: M. Korbelik.
Received 24 March 1994: and in revised form 3 June 1994 heterogeneity of photosensitiser cellular content even within the malignant cell population. This factor is the nonuniformity of photosensitiser accumulation in cells located at different distances from the blood supply, which is examined in detail in the present report.
In order to address this issue, we have adapted a flow cytometry technique that was originally developed for studying the radiosensitivity of tumour cells relative to their blood vessel proximity Chaplin et al., 1987 (Korbelik, 1993) .
The flow cytometry analysis of tumour cell suspensions based on Hoechst fluorescence was performed using a technique developed earlier in this laboratory with the SCCVII tumour model The same flow cytometry technique was used with singlecell suspensions from the PDT-treated tumours. except that a known number of cells from Hoechst fractions 1. 4, 7, 9 and 10 was sorted under sterile conditions into the tubes filled with 4 ml of a medium (Gibco. Burlington. Ontario. Canada) supplemented with 1000 FBS. The content of the tubes was transferred into 60 mm plastic Petri dishes (Falcon 3002, Becton Dickinson) and the tubes were rinsed twice with 1 ml of the cell growth medium to ascertain that all the cells are transferred into the Petri dish. The samples in Petri dishes were left in a carbon dioxide incubator (37°C) in the dark for 10 days to allow colony formation. The colonies were then stained and counted to calculate the cell survival. The data presented are based on colony count in the three replicate Petri dishes (five replicates for the controls) and give average values for six identically treated tumours.
Results
Hoechst administered intravenouslv to tumour-bearing mice exhibits a wide range of retention levels in the tumour cells.
Studies published by other investigators Chaplin et al.. 1987) have suggested that in situ uptake of Hoechst in the SCCVII tumour depends primarily on cell location relative to the blood supply. The example of Hoechst distribution in SCCVII tumour cells obtained by flow cytometry analysis is shown in Figure la . The cells were divided into ten fractions according to the Hoechst concentration (fluorescence intensity corrected for the cell size) each containing 10% of the total population. The cells in fraction 10 showed the highest Hoechst levels, which implies that they were the closest to the blood suppl., while fraction 1 contained the cells with the lowest Hoechst levels. i.e. those that were the most distant from the vasculature.
The same type of analysis was performed with another tumour model, the FsaR fibrosarcoma. with results very similar to those obtained with the SCCVII tumour. as shown also in Figure 1a . With both tumours. there was more than a 10-fold difference in Hoechst accumulation between fractions 1 and 10.
An example of the application of using Hoechst as the tumour perfusion probe for the analysis of the distnrbution of photosensitisers in tumour cells located at different distances from the blood supply is shown in Figure lb . The photosensitiser examined was TPPS4, which was administered intravenously into the SCCVII tumour-bearing mice 24 h before tumour excision. As in all the other experiments in this study, mice received Hoechst (37.5 mg kg-', i.v.) 30 min before the tumour excision. The distribution of TPPS4 in the ten Hoechst fractions is shown for five individual tumours.
For comparison, a curve for a tumour not containing TPPS4 is also shown. It can be seen that TPPS4 levels in tumour cells decrease with the increased distance of these cells from the nearest blood vessel.
The analysis of TPPS4 distribution in tumour cells relative to their proximity to the blood supply is also shown in Figure 3 . The data in this figure are presented as values relative to the photosensitiser level in the cells nearest to the tumour blood vessel (fraction 10). In arbitrary units of photosensitiser fluorescence, the values for fraction 10 obtained with disulphonated and tetrasulphonated forms of tetraphenylporphine were not statistically different (not shown). Di-and tetrasulphonated aluminium phthalocyanines also showed very similar cellular levels. The data in Figure 3 suggest that there is no significant difference in cellular distribution depending on the tumour blood supply between disulphonated and tetrasulphonated forms of either tetraphenylporphine or aluminium phthalocyanine. However, the aluminium phthalocyanines showed better diffusion to cells more distant from the blood supply than the tetraphenylporphines. A notable decrease in AlPcS2 and AlPcS4 levels can be observed only in the cells most remote from the vasculature.
The next set of experiments was designed to examine the factor of time elapsed after the photosensitiser administration. The first example (Figure 4a) shows the results with a photosensitiser characterised by relatively slow accumulation and long retention in tumours. It can be seen that higher levels of AlPcS2 are accumulated in the tumour cells at 24 h than at 2 h after the photosensitiser administration. However, the diffusion profiles of AlPcS2 for these two post-administration time intervals look very alike. Similar results were obtained with BPD, a photosensitiser that exhibits much faster tumour clearance. Its levels in tumour cells were markedly higher at 4 h than at 24 h post administration, but the drug administered to the tumour-bearing animals. The distribution of protoporphyrin IX, formed from the administered ALA (Kennedy et al., 1990) , was relatively uniform throughout fractions 10 to 3, with a decrease in the cellular levels seen only in the two cellular fractions most remote from the blood supply (Figure 5a ). The results were quite different with bacteriopheophytin-a, the metabolite formed rapidly after the administration of bacteriochloro- Figure 1 . The presentation of the data based on flow cytometry analysis is the same as in Figure 2 . The bars show ± s.e. phyll-a (Henderson et al., 1991) . Its levels decreased markedly in fraction 9, while very little, if any, photosensitiser was detectable in the cells most distant from the vasculature (Figure 5b ). tumour size was also explored. The insert to Figure 6 shows the representative examples for a 'large' tumour (241 mg wet weight) and a 'small' tumour (19 mg wet weight). (Korbelik et al., 1991; Korbelik, 1993) , it was important to examine the photosensitiser diffusion profiles separately in these two different tumour cell populations. Using a technique described previously (Korbelik, 1993) , the FsaR tumour cell suspension was separated into the Fc receptor-positive cells (predominantly TAMs) and the cells stained negatively for the Fc receptor (predominantly malignant cells) (Figure 7) . Although, as expected, the FcR+ population was characterised by several times higher Photofrin levels than the FcR-population, the photosensitiser distribution in cells relative to their proximity to the blood supply was, with both these populations, very similar to that depicted in Figure 6 . The inset to Figure 7 shows that the content of the FcR+ population in the FsaR tumour remains constant irrespective of the blood supply proximity; the same was reported previously for the SCCVII tumour (Olive, 1989) .
The final experiments in this study were focused on the investigation of survival, following PDT in vivo, of tumour cells located at different distances from the blood supply. In addition to the administration of the photosensitiser and Hoechst, the tumours were treated with a light dose of Fuge Figure 1 . Flow cytometry analysis data presentation as in Figure  2 . The bars show ± s.d. 80 J cm2 and they were excised immediately after the termination of the light treatment. The object of excising immediately after PDT was to assess the direct killing effect on tumour cells without the complicating influence of vascular-mediated cell killing, which has an increasingly greater contribution with the time the tumour is left in situ. The cells from different Hoechst fractions were sorted by flow cytometry and plated for the colony formation. The results with Photofrin are shown in Figure 8a . The survival of cells located closer to the tumour blood supply (fractions 10, 9 and 7) was 3-4 times lower than the survival of cells that are most remote from the vasculature. It should be noted that the survival data were normalised for the plating efficiency (PE) of control cells for each of the fractions obtained from the non-treated tumour. The PEs ranged typically between 15 and 30%; within the same tumour the highest PE were in fraction 7, and those for fractions 10 and I were lower by 5-10%. The data for the treatment with light only (no Photofrin), which are also included in Figure  8a , confirm that in this case there was no effect on cell survival. The colony formation of cells from the tumours with Photofrin not exposed to the light treatment was also not different from the controls (not shown). The same type of experiment was performed with two other photosensitisers (Figure 8b ). With AlPcS2, which is known to be more effective than Photofrin in direct tumour cell killing by PDT (Henderson & Farrell, 1989) The results presented demonstrate that there are substantial differences among photosensitisers in their potential to reach tumour cells distant from the vasculature. Among the photosensitisers tested, the best properties in this respect were exhibited by BPD, which showed no decrease in the cellular content even in the tumour cells most remote from the blood supply. This is the attribute that would be desirable for achieving a high level of direct k-illing of tumour cells by PDT. With respect to this quality, the other photosensitiers examined followed BPD in this decreasing order: ALA> AlPcS2/AlPcS4 > TPPS2/TPPS4> Photofrin > bacteriochlorophyll-a. The uniformity of BPD distribution among the ten Hoechst fractions presumably reflects good penetration of this drug from the circulation into the cells that are most distant from the vasculature. The diffusion potential seen with different photosensitisers was not paralleled by the degree of their lipophilicity. This also implies that the affinity of photosensitisers for binding to specific classes of plasma proteins (lipoproteins or albumin) (Kessel, 1986) is not a decisive factor. The results with di-and tetrasulphonated forms of aluminium phthalocyanine and tetraphenylporphine showing no significant differences in the distribution pattern between the ten Hoechst fractions support this suggestion.
It should be noted that AlPcS4 and TPPS4 have been reported to localise preferentially in the acellular tumour structures, while AlPcS2 and TPPS2 are retained more selectively in tumour cells (Peng et al., 1990) . The observation in this study that there is very little, if any, difference in cellular accumulation between di-and tetrasulphonated forms of these photosensitisers is not contradictory to this finding; the levels of AlPcS4 and TPPS4 in the acellular tumour structures were not measured in this work and they may be much higher than those in the tumour cellular compartment.
The data shown in this work further indicate that the photosensitiser property to reach tumour cells removed from the vasculature is not dependent on tumour type (SCCVII vs FsaR tumour, Figure 6 ), tumour size (Figure 6 ), the route of the administration (i.p. vs i.v., Figure 2 ), the time after administration (Figure 4 ) or on the characteristics of host cell infiltrate in the tumour (Figure 7) . This leaves the possibility that a certain property of the photosensitiser molecule not identified at present is relevant in this respect. The data with ALA may suggest that this small molecule penetrates well into regions removed from the vasculature, but the cells that are the most distant from the blood supply may be too compromised metabolically to efficiently synthesise protoporphyrin IX.
The examination of the survival of SCCVII tumour cells located at different distances from the blood supply following the PDT treatment in vivo demonstrates that the direct killing effect of PDT depends on the blood vessel proximity of target cells. The examples with Photofrin-and AlPcS2-based PDT (Figure 8) show that the greatest killing effect was inflicted on the tumour cells nearest to the vasculature, while cell survival increased with increased distance from the nearest blood vessel. Such a response to PDT may reflect variations in tumour cellular levels of both photosensitiser and oxygen. Earlier studies with several mouse tumour models have demonstrated the existence of radiobiological anoxia in Hoechst fractions most distant from the blood supply (Chaplin et al., , 1987 . However, the decrease in tumour cell killing with AlPcS-based PDT was already evident in the fractions relatively close to the vasculature which have not shown a decline in the photosensitiser level and are well oxygenated in the non-treated tumour. This may indicate that a reduction in the oxygen supply was induced in these cells during the photodynamic light treatment, a phenomenon suggested by Henderson and Fingar (1989) . Strategies of adjuvant treatments to be combined with PDT, which would improve tumour oxygenation during the light irradiation, should allow a greater killing effect at least in these intermediate regions that exhibit sufficiently high cellular levels of AlPcS,.
The relevance of photosensitiser diffusion potential, once it has penetrated the tumour vascular lining, is thus clearly established in this study. The example with BPD, which shows an optimal diffusion quality but exhibits a poor direct cytotoxic effect, demonstrates that both these properties are prerequisites for an ideal photosensitiser. However, the excellent diffusion property of BPD may still contribute to the efficacy of this photosensitiser in tumour eradication based on the indirect effects of PDT. 
